Ictal hypoxemia has been reported in small series of cases and may contribute to sudden unexpected death in epilepsy (SUDEP). We sought to determine the incidence and severity of ictal hypoxemia in patients with localization-related epilepsy undergoing in-patient video-EEG telemetry. We examined whether seizureassociated oxygen desaturation was a consequence of hypoventilation and whether factors such as seizure localization and lateralization, seizure duration, contralateral spread of seizures, patient position at seizure onset and body mass index influenced ictal-related hypoxemia. A total of 304 seizures with accompanying oxygen saturation data were recorded in 56 consecutive patients with intractable localization-related epilepsy; 51 of 304 seizures progressed to generalized convulsions. Pulse oximetry showed oxygen desaturations below 90% in 101 (33.2%) of all seizures with or without secondary generalization, with 31 (10.2%) seizures accompanied by desaturations below 80% and 11 (3.6%) seizures below 70%. The mean duration of desaturation below 90% was 69.2 þ 65.2 s (47; 6^327). The mean oxygen saturation nadir following secondary generalization was 75.4% þ 11.4% (77%; 42^100%). Desaturations below 90% were significantly correlated with seizure localization . In the subset of 253 partial seizures without secondary generalized convulsions, 34.8% of seizures had desaturations below 90%, 31.8% had desaturations below 80% and 12.5% had desaturations below 70%. The degree of desaturation was significantly correlated with seizure duration (P = 0.001) and with electrographic evidence of seizure spread to the contralateral hemisphere (P = 0.003). Central apnoeas or hypopnoeas occurred with 50% of 100 seizures. Mixed or obstructive apnoeas occurred with 9% of these seizures. End-tidal carbon dioxide (ETCO2) was recorded in seven patients (19 seizures). The mean increase in ETCO2 from preictal baseline was 18.6 þ 17.7 mm Hg (13.2; 2.8^77.8). In these 19 seizures, all oxygen desaturations below 85% were accompanied by an increase in ETCO2. Ictal hypoxemia occurs often in patients with localization-related epilepsy and may be pronounced and prolonged; even with seizures that do not progress to generalized convulsions. Oxygen desaturations are accompanied by increases in ETCO2, supporting the assumption that ictal oxygen desaturation is a consequence of hypoventilation. Ictal hypoxemia and hypercapnia may contribute to SUDEP.
population per year (Tellez-Zentano et al., 2005) . Both cardiac and respiratory dysfunction have been implicated as possible precipitating causes in SUDEP.
Asphyxia with partial seizures without convulsive activity was first described by Hughlings Jackson (1899) . Electrical stimulation of the hippocampal gyrus, the ventral and medial aspects of the temporal pole, the anterior portion of the insula and the anterior limbic gyrus results in inhibition of respiratory movements (Kaada and Jasper, 1952) . In small series of patients with partial onset seizures, hypoxemia has been observed using pulse oximetry in adults and children (Hewertson et al., 1996; Nashef et al., 1996; Blum et al., 2000) . It has not been determined whether the observed oxygen desaturation reflects hypoventilation or is a consequence of seizure-associated peripheral vasoconstriction (Blum et al., 2000) .
The study was designed to determine the incidence and severity of hypoxemia in a population of patients with localization-related epilepsy undergoing inpatient video-EEG telemetry. We sought to confirm that seizureassociated oxygen desaturation is a consequence of hypoventilation. We also examined whether factors such as seizure localization and lateralization, seizure duration, contralateral spread of seizures, patient position at seizure onset and body mass index (BMI) might contribute to or exacerbate ictal-related hypoxemia.
Methods
We studied 57 consecutive patients with intractable localizationrelated epilepsy admitted for in-patient video-EEG telemetry to assess candidacy for epilepsy surgery. Anti-epileptic medications were tapered and/or discontinued during the monitoring period to provoke seizures in the majority of patients (n = 52). In four patients, anti-epileptic therapy was not altered due to the occurrence of frequent daily seizures. One patient was not on anti-epileptic therapy at the time of admission. EEG was recorded from scalp locations corresponding to the standard International 10-20 system, including T1 and T2 locations and bilateral mandibular notch surface electrodes, except in six patients who had intracranial electrodes. Synchronized video and single-channel electrocardiogram (using right and left lateral infraclavicular electrodes) were recorded. Oxygen saturation values were recorded using digital pulse oximetry (Nellcor N-395 oximeter) and displayed every second on a dedicated channel of a BMSI 6000 video-EEG recording unit. The accuracy of the pulse oximetry data at very low saturation levels is unspecified by the manufacturer. Therefore, all nominal saturation values of 550% were truncated at 50% for data analysis. Body position and state of the patient at seizure onset (awake or asleep), seizure localization at onset and time to contralateral spread when present, duration of seizure, duration of desaturation (defined as the interval from saturation dropping below 90% to subsequent return above 90%), time to onset of desaturation from seizure onset, oxygen desaturation nadir and ictal heart rate change were recorded. The heart rate was measured in 10-s epochs relative to seizure onset. We monitored nasal airflow and recorded abdominal excursions. The BMI for each patient was calculated.
One of the 57 patients had only simple partial seizures without EEG change and was excluded from further analysis. In one other patient with frontal lobe seizures, 98 brief, stereotyped seizures were recorded without oxygen desaturation. In this patient, only the first 10 consecutive seizures were analyzed. A total of 381 partial onset seizures were captured and analysed in the group of 56 patients.
Summary statistics were reported as mean ± SD (median; range). The generalized estimating equation (GEE) approach (Liang and Zeger, 1986) was used for repeated measurements analysis of binary outcomes to investigate the association between a risk factor (explanatory variable) of interest and the binary response variable. Logistic regression was used to study the association between a risk factor and the binary response variable. A linear mixed-effects model was used for repeated measurement analysis of continuous outcomes to investigate the association between a risk factor and the continuous response variable. All analyses were performed with SAS Version 9.1.
The majority of patients with localization-related epilepsy admitted to the epilepsy monitoring unit have temporal lobe epilepsy. To determine whether seizure localization was associated with desaturation below 90% we obtained an estimate of the sample size that would allow a reasonably robust detection of a difference between temporal and extratemporal seizures. The Fisher's exact test was used to test the null hypothesis that the probability (p1) of a desaturation below 90% in the temporal seizure group equals the probability (p2) of desaturation below 90% in the extratemporal seizure group versus the alternative hypothesis that p1 does not equal p2. We determined that a sample size of 85 seizures in each group (temporal onset seizures and extratemporal onset seizures) would test the null hypothesis p1 = p2 = 0.12 versus the alternative hypothesis p1 6 ¼ p2 = 0.43 providing a power of 0.995 at a significance level of = 0.05. Data collection was therefore stopped when 85 extratemporal onset seizures with oxygen saturation data were acquired. At that point, we had recorded a total of 381 partial onset seizures.
In seven patients (19 seizures), in addition to the parameters noted above, end-tidal CO2 (ETCO2) was recorded simultaneously with nasal cannulae using a capnograph (BCI, Inc, Waukesha, WI, USA). The time on the capnograph was synchronized with that on the BMSI 6000. Digitized ETCO2 values, averaged over four breaths, were displayed every 4 s and recorded. ETCO2 was recorded in this small subset of patients primarily to demonstrate the validity of pulse oximetry during seizures. We anticipated that seizure-related hypoventilation resulting in oxygen desaturation would be accompanied by a concomitant rise in ETCO2. Conversely, artefactual seizure-related drops in pulse oximetry values would not be accompanied by increases in ETCO2.
Results
There were 34 (60.7%) female patients in this group of 56 patients. The mean age was 36.9 ± 14 (34.5; 16-63) years. At the time of hospital admission, patients were taking between zero and five anti-epileptic medications. Eleven patients were on monotherapy, one patient was not on anti-epileptic medication and the remaining patients were on polypharmacy.
Oxygen saturation data was available in 304 seizures of partial onset, 51 of which progressed to generalized convulsions. We first looked at the entire group of partial onset seizures with or without secondarily generalized convulsions. A total of 101 of these 304 seizures were associated with desaturations below 90%; 30 seizures occurred in sleep, 69 during wakefulness and with two seizures the patient's state could not be determined. Of these 101 seizures, 31 (30.7%) seizures were associated with desaturations below 80% and 11 (10.9%) seizures with desaturations below 70% ( Fig. 1A and B) . The mean oxygen saturation nadir following secondary generalization was 75.4% ± 11.4% (77%; 42-100%). Review of oxygen saturation data acquired during continuous video-EEG telemetry confirmed that no patient had oxygen desaturation below 90% unless temporally associated with a seizure.
The mean duration for all seizures was 80.6 ± 76.1 s (64.0; 3-610). There was a statistically significant correlation between the level of desaturation and seizure duration (P = 0.001). Seizure localization was statistically significantly associated with desaturation below 90% [P = 0.005, odds ratio (OR) of temporal versus extratemporal onset = 5.202; 95% CI = (1.665, 16.257)]. Seizure lateralization was statistically significantly associated with desaturation below 90% [P = 0.001, OR of right versus left = 2.098; 95% CI = (1.078, 40.85)]. Contralateral spread of seizures was statistically significantly associated with desaturation below 90% [P = 0.028, OR of contralateral spread versus no contralateral spread of seizures = 2.591; 95% CI = (1.112, 6.039)]. Patient position at seizure onset (recumbent versus semi-recumbent or sitting), state of the patient at seizure onset (awake versus asleep), age of patient and BMI were not associated with desaturation below 90%. There was a statistically significant association of gender with desaturation below 90% [P = 0.048, OR of female versus male = 0.422; 95% CI = (0.179, 0.994)]. Heart rate change (ictal peak heart rate À baseline heart rate) was not associated with desaturation below 90%. In the smaller group of seizures with more pronounced desaturations (585%), a statistically significant association of desaturation with seizure lateralization or localization was not present, possibly because of lower power in this group. In a given patient with a seizure related desaturation of 585%, the probability that a subsequent seizure would be accompanied by a desaturation of 585% was 0.433.
For all seizures, the mean delay from seizure onset to the onset of desaturation below 90% was 66.7 ± 37.6 s (59; 6-226). The mean saturation nadir occurred 98.3 ± 63.3 s (86; 8-521) after seizure onset. The delay to desaturation from seizure onset is, in part, a reflection of circulation time and processing delay in the oximeter. For all seizures, the mean duration of desaturation (from 590% to 590%) was 69.2 ± 65.2 s (47; 2-327). Oxygen saturation recovery to within 2% of preictal baseline value was further delayed. The mean duration from desaturation below 90% to recovery to preictal baseline level was 104.4 ± 78.4 s (90; 8-407). These data are summarized in Table 1 .
We next looked at the subset of partial onset seizures that did not progress to generalized convulsions. Of the 304 seizures for which oxygen saturation data was available, 253 (83.2%) did not result in secondarily generalized convulsions. Desaturation nadirs below 90% occurred with 88 (34.8%) of the 253 seizures. In 28 (31.8%) of these seizures, oxygen saturations fell below 80% and in 11 (12.5%) seizures saturations fell below 70%. The mean desaturation nadir in these 88 seizures was 80.7%. Fifty-five of the 88 seizures with desaturations below 90% were complex partial seizures of temporal onset. Eleven were electrographic seizures of temporal onset without any discernable behavioural manifestations. In another 11 seizures of temporal onset there was inadequate testing to determine whether impairment of consciousness was present. The remaining seizures included three complex partial frontal onset seizures, one gelastic seizure and seven seizures with inadequate electrographic localization. Desaturations below 90% occurred with 52 of 101 (51.5%) recorded seizures of right temporal onset and in 23 of 58 seizures of left temporal onset (39.7%). In the remaining two patients, there was near simultaneous electrographic involvement of the left and right temporal scalp regions at seizure onset. In this group of seizures that did not generalize, seizure duration statistically significantly correlated with the level of desaturation (P 4 0.001) (Fig. 2) . The level of desaturation also correlated with electrographic spread of the seizure to the contralateral hemisphere (P = 0.003). Seizure duration and electrographic spread to the contralateral hemisphere were statistically significantly correlated (P = 0.003). BMI and the state of the patient at seizure onset were associated with only the more severe desaturations. The BMI was statistically significantly associated with desaturations below 85% [P = 0.021; OR = 1.116; 95% CI = (1.017, 1.225)]. The state of the patient was statistically significantly associated with desaturations below 85% [P = 0.001; OR of awake versus asleep = 3.674; 95% CI = (1.719, 7.851)].
To determine a possible effect of anti-epileptic drug load on the degree of oxygen desaturation, the two-sided Wilcoxon signed-rank test was used to determine whether there was a statistically significant difference between oxygen saturation nadirs for the first and last partial seizure in each patient. Fifty-one patients had more than one seizure with saturation data. The mean saturation nadir associated with the first partial seizure was 89.1 ± 9.9% (92%; 50-100%) and for the last seizure the mean nadir was 90.8 ± 9.0% (94%, 57-100%). In seizures that progressed to generalized convulsions, the desaturation nadir prior to the onset of secondary generalization was used. There was no statistically significant difference in desaturation nadirs between the first and last seizures (P-value = 0.366).
Nineteen of 56 patients had no desaturations below 90% with any of 85 seizures. In this group of 19 patients, 41 of the 85 seizures were of extra-temporal onset. The mean BMI in patients having no desaturations with any seizure was 26.8 ± 5.2 (25.4; 20.4-37.1). In patients with desaturations accompanying any seizure, the mean BMI was 26.2 ± 6.4 (25.4; 15.7-42.2). The BMI was not statistically significantly associated with whether or not the patients had desaturations with any seizure [P = 0.691, OR = 0.981, 95% CI = 0.892-1.079)].
Nasal airflow and abdominal excursion data were available in 100 seizures. In the remaining seizures, these data were obscured by artefact and not interpretable or were unavailable. In 44 (44%) of these 100 seizures, there was evidence of central apnoea during the seizure (Fig. 3) . Six (6%) seizures were accompanied by hypopnoeas (airflow amplitude reduced by at least 30% relative to pre-ictal baseline). There were two (2%) obstructive apnoeas (absent airflow with continuing abdominal excursions) and seven (7%) mixed apnoeas (central and obstructive components during the apnoea). There were no apnoeas or hypopnoeas detected with 41 (41%) of 100 seizures. In seven patients (19 seizures), we recorded simultaneous ictal ETCO2 and oxygen saturation data. The mean preictal ETCO2 for the group, averaged over 1 min from 1 to 2 min prior to seizure onset, was 32.8 ± 8.2 mm Hg (30.3; 16.2-47.2). One patient had been hyperventilating vigorously prior to seizure onset with mean preictal ETCO2 of 16.2 and 22.6 mm Hg, respectively for two seizures. The mean increase in ETCO2 from the preictal baseline to ictal peak ETCO2 was 18.6 ± 17.7 mm Hg (13.2; 2.8-77.8). In seven of the 19 seizures, ETCO2 values were above 50 mm Hg (Fig. 4A) . The mean oxygen saturation nadir during these seizures was 77% ± 8.8% (79%; 50-86%). The most pronounced increases in ETCO2 occurred in patients with secondarily generalized seizures. However, increases in ETCO2 occurred with every partial onset seizure that had a simultaneous drop in oxygen saturation to 85% or less. In some patients, the increase in ETCO2 beyond preictal values persisted 430 min following termination of the seizure (Fig. 4B) .
Ictal tachycardia occurred with most seizures. The mean preictal heart rate (averaged over 10 s, 1 min prior to seizure onset) was 81 ± 17 beats per minute (b.p.m.) (72; 42-144). The mean ictal heart rate increase was 38 ± 28 b.p.m. (36; -24 to +126) with a range of -24 to +126 b.p.m. The duration of ictal tachycardia (defined as the time interval during which the heart rate was 4100 b.p.m.) was a mean of 129 ± 324 s (70; 10-3670) with a range of 10-3670 s (25 and 75 percentile values of 40 and 120.5 s, respectively). Premature atrial beats, premature ventricular beats and sinus pauses occurred with some seizures in 10 patients. One patient developed a bradyarrhythmia and asystole following a secondarily generalized seizure of left temporal onset. Oxygen saturation dropped below 50% following that seizure.
Discussion
In this group of patients, seizure-associated oxygen desaturation was common and occasionally severe. Pronounced desaturations occurred in some patients with partial seizures that did not progress to generalized convulsions. In a subset of seizures with simultaneous recording of oxygen saturation and ETCO2, an increase in ETCO2 occurred with every seizure that was associated with an oxygen desaturation of 85% or less. The concurrent increase in seizure-associated ETCO2 makes it likely that ictal oxygen desaturation is due to alveolar hypoventilation. In some patients, hypoventilation persisted despite increases in ventilatory rate (Fig. 4A) . Desaturations occurred most commonly with seizures of temporal lobe onset and were uncommon with extratemporal onset seizures. Seizures occurred more commonly with right rather than left temporal onset seizures. Both the duration of the seizure and electrographic evidence of contralateral spread appeared to influence the degree of desaturation.
Our data suggest that severe desaturations are seen more commonly with seizure spread to the contralateral hemisphere. The descending pathways from limbic areas to the brainstem respiratory centres are primarily ipsilateral (Hopkins and Holstege, 1978) . Therefore, seizure-related bilateral impairment of these descending pathways may be a requisite for pronounced respiratory inhibition. There is evidence for significant projections from limbic regions to brainstem areas involved in control of respiratory activity. There are ipsilateral direct projections from the central nucleus of the amygdala to the pontine and medullary tegmentum in the cat (Hopkins and Holstege, 1978) . Structures receiving these descending influences include the nucleus of the solitary tract that has neurons projecting to the phrenic motor pool, the parabrachial pontine region that is involved in respiratory phase switching (Bassal and Bianchi, 1982) and the lateral periaqueductal grey that in turn projects to the nucleus retro ambiguous, which modulates upper airway activity and abdominal respiratory muscles (Holstege, 1989) . Physiological studies indicate that the hippocampus also influences breathing. Hippocampal neurons include cells that have phase-locked activity with the respiratory cycle (Frysinger and Harper, 1989) . Stimulation of the hippocampus entrains the respiratory rhythm (Ruit and Neafsey, 1988) . Hippocampal activity is increased before the termination of apnoea, indicating a role in resumption of breathing (Poe et al., 1994) .
Obstructive and mixed apnoeas were observed less commonly than central apnoeic events in our group of patients. In a rat model of penicillin-induced seizures, there was reduced activity in the vagal and hypoglossal nerves following a decrease or cessation of phrenic nerve activity. These changes were consistent with seizure-related obstructive apnoea followed by central apnoea. The central apnoeas were profound and could not be reversed by augmentations in ventilatory drive from increasing carbon dioxide (St-John et al., 2006) .
Seizure-related arterial P CO2 increases are likely higher than values indicated during ETCO2 recordings. The ETCO2 is lower than arterial P CO2 by 2-4 mm Hg and the capnograph recordings are susceptible to seizure-related displacement and blockage of the nasal prongs, resulting in lowered ETCO2 values. Ictal ETCO2 values450 mm Hg were seen with seven of 19 seizures. These data suggest a mechanism for seizurerelated cardiac dysfunction. In healthy young adults, acute hypercapnia to 7 kPa (52.5 mm Hg) resulted in prolongation of the QTc interval and QT dispersion (Kiely et al., 1996) . This increased QT dispersion, reflecting differences in regional myocardial repolarization, represents a putative substrate for arrhythmia (Kiely et al., 1996) . In a sheep model of bicuculline-induced epileptic sudden death, all animals had central apnoeas (Johnston et al., 1997) . Animals dying early had pronounced elevations of PaCO2 and drops in PaO2 compared with surviving animals. Hypercarbia contributed to death in these animals. Malignant arrhythmias were not seen and sinus tachycardia persisted until death (Johnston et al., 1997) .
Ictal tachyarrhythmia is the most commonly reported arrhythmia associated with seizures (Blumhardt et al., 1986; Maromi et al., 2004) . This was also observed in our study, with increases in heart rate above 100 b.p.m. persisting for a median of 70 s. Pronounced tachycardia to 180 b.p.m. occurred with some seizures. Ictal bradycardia and asystole are rare (Rocamora et al., 2003) and in our series, occurred with one seizure that was associated with oxygen desaturation to below 50%.
The patient BMI was associated only with the more severe desaturations accompanying partial seizures, suggesting that a high BMI may exacerbate the level of ictal desaturation in some patients. However, pronounced ictal desaturations did accompany partial seizures in patients with a BMI in the normal range. Ictal oxygen desaturations are more likely to occur in males than in females for reasons that remain unclear.
There was considerable variability in the anti-epileptic drug regimens used by our patients on admission to the epilepsy-monitoring unit. Only 11 patients were on monotherapy. Polytherapy with a variety of anti-epileptic drugs in the majority of patients precluded any determination of whether a particular anti-epileptic drug or class of drugs might influence the degree of ictal-associated hypoxemia. Anti-epileptic drug levels were not monitored; however, since anti-epileptic drugs were reduced or stopped on admission the anti-epileptic drugs' load would be decreased at the tail-end of the monitoring period. We found no difference in the desaturation nadirs between the first and last seizure of each patient. This suggests that the antiepileptic drug load did not influence the severity of seizurerelated oxygen desaturation.
Our data indicate that there is a high probability of recurrent ictal desaturations in a patient who has had a seizure-related desaturation below 85%. Patients with medically refractory epilepsy who have severe seizure-related hypoxemia and hypercapnia identified in epilepsy-monitoring units may be at increased risk for SUDEP. The pursuit of epilepsy surgery to control seizures may be of benefit in this patient population. This would require further study, however, as the role of epilepsy surgery in reducing the risk of SUDEP is still questioned (Ryvlin and Montavont, 2008) . Other therapeutic measures to ameliorate hypoxemia in patients with refractory partial seizures could include the use of selective serotonin reuptake inhibitors. Serotonin is implicated in modulating the brainstem respiratory network (Richter et al., 2003) . In DBA/2 mice with audiogenic seizures, there is seizure-related respiratory arrest. Fluoxetine reduced respiratory arrest at doses that did not stop seizures (Tupal and Faingold, 2006) . Cardiac pacing has been required in patients with ictal bradycardia and asystole (Rugg-Gunn et al., 2004) . Nocturnal supervision, including regular checks and the use of listening devices, may be protective against SUDEP (Langan et al., 2005) . The potential benefits of other interventions, such as home pulse oximetry monitoring with appropriate alarms or continuous positive airway pressure devices, may be worth evaluating in patients with documented severe seizure-associated oxygen desaturations who are awaiting potentially curative therapies.
